Abstract. The influence of cloud-radiation interaction in simulating the tropical intraseasonal oscillation (ISO) is examined using an aqua planet general circulation model (GCM). Two types of simulation are conducted: one with prescribed zonal mean radiation and the other with fully interactive clouds and radiation. In contrast to the fixed radiation case, where the ISO is simulated reasonably well, the cloud-radiation interaction significantly contaminates the eastward propagation of the ISO by producing small-scale disturbances moving westward with the easterly basic winds. The small-scale disturbances are persistently excited by a strong positive feedback through interaction between cumulus-anvil clouds and radiation. The longwave interaction is shown to play a bigger role in contaminating the ISO than the shortwave interaction does. The anvil clouds reduce the longwave cooling significantly in the lower troposphere while releasing latent heating in the upper troposphere. To moderate the strong cloud-radiation feedback, the large-scale condensation scheme in the GCM is modified by reducing the autoconversion timescale, needed for cloud condensates to grow up to rain drops. In addition, upper air ice cloud contents are reduced to change the cloud albedo. These modifications make a more realistic simulation of the ISO similar to the observed.
Introduction
The simulation of tropical intraseasonal oscillation (ISO) [Madden and Julian, 1971] remains one of the common problems in climate modeling, though it has been regarded as an important component especially for the medium-and longrange forecasts of Asian monsoon [Yasunari, 1979] . In particular, using the intercomparison of atmospheric general circulation models (AGCMs), Slingo et al. [1996] pointed out that most models simulated weaker ISO variability and could not reproduce the dominance of wavenumber 1, planetary-scale structures as observed. Instead, the ISO was masked by the waves of relatively fast propagation. These problems are pointed out again in the recent Climate Variability and Prediction (CLIVAR)/Monsoon AGCM intercomparison study with current AGCMs (I.-S. Kang, personal communication, 2000) .
Many GCM studies have emphasized that the cumulus parameterization is important for a reasonable simulation of ISO [Tokioka et al., 1988; Chao and Deng, 1998; Wang and Schlesinger, 1999; M.-I. Lee et al., manuscript in preparation, 2001] . In particular, Chao and Deng [1998] demonstrated that the ISO simulation highly depends on the choice of cumulus parameterization scheme. Tokioka et al. [1988] investigated the influence of the cumulus scheme and improved the ISO simulation through a modification of the Arakawa-Schubert scheme [Arakawa and Schubert, 1974] by introducing a nonzero minimum value for the cumulus entrainment rate of environmental air. Wang and Schlesinger [1999] suggested that a relative humidity criterion in convective parameterizations is important in the amplification of the ISO variability. Recently, in reexamining Tokioka et al. [1988] , M.-I. Lee et al. (manuscript in preparation, 2001 ) obtained a similar improvement through the modification of the Relaxed Arakawa-Schubert scheme [Moorthi and Suarez, 1992] . However, they also showed that the improvement is discernible only when the radiation is prescribed and the cloud-radiation interaction is not allowed. When the cloud-radiation interaction is included in the model, the eastward propagation of large-scale waves is much contaminated by small-scale waves. Those studies mentioned above indicate that the poor ISO simulations of current AGCMs are related to the cumulus parameterization and, in particular, cloud-radiation interaction.
The cloud-radiation interaction may have a significant role in the ISO simulation by influencing the vertical diabatic heating distribution and static stability [Lau and Peng, 1987; Chang and Lim, 1988] . The vertical distribution of diabatic heating is not dependent only on the latent heating by convective processes but also on the radiation process, which is, in turn, affected by clouds. Slingo and Slingo [1988] and Randall et al. [1989] showed that the optically thick high clouds are important in driving large-scale diabatic circulations in the tropics. On the basis of satellite cloudiness data, Mehta and Smith [1997] pointed out the importance of longwave cooling by high clouds in maintaining the ISO. On the other hand, Slingo and Madden [1991] showed that the longwave cloud radiative forcing is not crucial in simulating the ISO. They further investi-gated the cloud-radiation interaction and suggested that the intensity of the simulated ISO depends on the cloud-radiation interaction, but the period is not significantly affected.
Note that the treatment of cloud-radiation interaction is highly model-dependent. In spite of its possible role the influence of cloud-radiation interaction on the tropical ISO is poorly understood, and even the parameterization of the influence of cloud itself remains a difficult area in climate modeling [Cess et al., 1996] . In this context, results about the influence of cloud-radiation interaction from previous studies cannot be entirely conclusive, and more detailed examinations are needed. In the present work, the influence of cloudradiation interaction on ISO simulation is examined especially by focusing on the feedback processes involving cloud, radiation, and large-scale circulation.
We have done two types of aqua planet AGCM simulation in which the zonally varying component of boundary condition is excluded [Hayashi and Sumi, 1986] . Aqua planet simulations can help obtain a clearer relation between the cloud-radiation interaction and the simulated intraseasonal variability. By prescribing zonal mean radiative cooling rate, the radiation is fixed and no cloud-radiation interaction is allowed in the one simulation [Chao and Deng, 1998 ]. The other is fully interactive by adjusting radiative fluxes to the calculated cloud distribution instantaneously. By contrasting the two simulations we carefully examined the influence of cloud-radiation feedback processes.
On the basis of the examination a possible improvement of the ISO simulation is explored by modifying cloud microphysical processes in the large-scale condensation scheme. The radiative fluxes parameterized in the model are sensitive to the specification of cloudiness itself, which depends directly on the cloud microphysical processes, such as cloud generation, evaporation, and conversion to precipitating rain drops [Sundqvist, 1978] . Using a simple model including cloud microphysics, Sherwood [1999] showed that the high cloud-induced diabatic circulation is largely affected by the specification of cloud lifetime. In the model the parameterized precipitation timescale determines the cloud lifetime, and it can possibly affect the cloud-radiation interaction timescale and the magnitude of feedback. We examined the sensitivity of the ISO simulation to the precipitation time scale and modified the characteristic value for the precipitation timescale. In addition to this, the specification of the ice and water cloud fraction was modified, as it affects the cloud albedo sensitively .
Section 2 describes the model used and the experimental design. Section 3 discusses the influence of cloud-radiation interaction in the simplified aqua planet condition. Section 4 discusses a sensitivity of ISO simulation to the precipitation timescale and cloud albedo modifications. Also, the modified processes are applied to the simulation with realistic boundary conditions in which zonally and seasonally varying SST is prescribed. Finally, section 5 provides the summary and conclusions.
GCM and Experimental Design
The model used is the Seoul National University GCM (SNUGCM) [Kim et al., 1998 ], and it is a global spectral model with the primitive equation system. It has 20 sigma levels in the vertical, and T31 truncation is used horizontally for this work. The model is originally based on the Center for Climate System Research (CCSR)/National Institute for Environmental Studies (NIES) AGCM in Tokyo University but has several major changes, including the land surface process, shallow convection, and planetary boundary layer (PBL) processes. The land surface is parameterized by the land surface model developed in the National Center for Atmospheric Research (NCAR) Community Climate Model, Version 3 (CCM3) [Bonan, 1996] . It also contains the nonprecipitating shallow convection in diffusion type and the nonlocal PBL/vertical diffusion scheme [Holtslag and Boville, 1993] . Others are the same as the CCSR/NIES AGCM.
The cumulus parameterization is based on the Relaxed Arakawa-Schubert scheme [Moorthi and Suarez, 1992] , and it includes downdrafts due to the evaporation of precipitating water. Cumulus cloudiness and cumulus cloud water are simply estimated as a function of cumulus updraft mass flux. Cumulus cloudiness is assumed to be uniform in the vertical. The scheme is modified following Tokioka et al. [1988] for the improvement of tropical ISO simulation in the model. They modified the Arakawa-Schubert scheme [Arakawa and Schubert, 1974] by introducing a minimum entrainment rate constraint for the convective motion and simulated a 30 day oscillation in their aqua planet GCM. This modification was adapted in the same manner, and the modified impact was reexamined in detail by M.-I. Lee et al. (manuscript in preparation, 2001) .
The large-scale condensation process is parameterized on the basis of Le Treut and Li [1991] , in which layer cloud is estimated at each vertical level using a specified probability distribution of moisture. For the discussion of modifications made in this study the detail of the large-scale condensation scheme is presented in Appendix A.
The radiation process is parameterized by the two-stream k distribution scheme . In the calculation of radiative properties of clouds, water and ice cloud particles are considered, fractions of which are determined by the environmental temperature. Cumulus clouds and layer clouds are considered separately in the radiative flux calculation. The grid mean radiative flux is estimated as a weight averaged value of fluxes calculated in the cumulus cloud region and partially covered layer cloud region. In estimating fluxes in the layer cloud region the random overlapping effect of multilevel cloudy layers is assumed, and the cloudy and cloud-free fluxes are weight-averaged with the layer cloud fraction. The calculation of radiative fluxes is usually done every 3 hours, and shortwave radiation includes the diurnal cycle.
It is noted that the simulated radiation budgets agree well with those obtained from the satellite-observed Earth Radiation Budget Experiment (ERBE) [Barkstrom et al., 1989 [Barkstrom et al., ] 5 year (1985 [Barkstrom et al., -1989 climatology. Zonal mean net downward shortwave radiation and outgoing longwave radiation at top of the atmosphere (TOA) match well with the observed, and the differences between the two do not exceed 5% of their actual magnitudes in the annual mean sense. Also, the zonal mean distribution of cloud radiative forcing at TOA agrees well with that derived from ERBE data.
In the present study, two AGCM simulations were conducted with and without cloud-radiation interaction. In the first experiment, aqua planet simulation [Hayashi and Sumi, 1986] where the entire surface is assumed to be covered by the ocean was carried out with a full cloud-radiation interaction. The sea surface temperature (SST) was prescribed zonally uniform and symmetric about the equator and was obtained from the zonal and annual mean in the Southern Hemisphere of 20 year Atmospheric Model Intercomparison Project (AMIP) II SST climatology (Figure 1a ). Zonally uniform sea ice fraction was also prescribed where the SST is under the freezing temperature. The integrations lasted for 210 days under the perpetual equinox condition. We chose the equinox time when the solar insolation has a maximum at the equator since the observed ISO shows a clear seasonality enhanced in springtime [Slingo et al., 1996] . The model atmosphere was started from the arbitrary state of the simulated springtime in the AGCM, and the initial 30 days output data were discarded because of an adjustment period. Figure 1b is the meridional and vertical distribution of the zonally averaged net radiative heating rate simulated by the model. In Figure 1b , radiative cooling dominates over all latitudes and shows a symmetric pattern about the equator. In the convectively active region near the equator and midlatitudes, 40ЊS and 40ЊN, relative warming in the middle troposphere and cooling in the upper troposphere appear because of the longwave cloud forcing by optically thick high clouds simulated in the model. In the lower level below 850 hPa, there is cooling due to the development of low-level clouds.
Another simulation was conducted in which the cloudradiation interaction was fixed by prescribing zonally uniform radiative heating rate obtained from the first run (Figure 1b) . Therefore the zonal mean radiation is the same in both simulations. Figure 1c is zonal mean precipitation simulated in the fully interactive case and the cloud-radiation fixed case. They showed similar meridional structures symmetric about the equator, though the precipitation increased slightly in the tropical regions when the cloud-radiation interaction was fixed.
ISOs With and Without Interactive Cloud-Radiation Process
The intraseasonal oscillation simulated in the cloudradiation fixed case is shown in Figure 2 . In Figure 2 , time evolutions of precipitation, u wind, and velocity potential at 200 hPa are presented in equatorial region, in which the precipitation rate is averaged between 2ЊS and 2ЊN while the u wind and velocity potential field are averaged between 10ЊS and 10ЊN. As the zonal mean precipitations have peak intensities near the equator (Figure 1c) , the longitude-time plot of 2ЊS-2ЊN averaged precipitation, which contains the nearest grid points from the equator, represents the equatorial disturbances well. In the cloud-radiation fixed case the eastward propagation of the precipitating region appears ( Figure 2a ) and corresponds well to the upper level u wind divergence ( Figure 2b ). This reveals that the convective motion is strongly coupled with the large-scale circulation field. The wave propagating features of upper level divergence can be more clearly shown by the velocity potential field as it smooths out smallscale features and gives the horizontally integrated large-scale structures. In Figure 2c the zonal wavenumber 1-2 structure is dominant in the 200 hPa velocity potential, and the eastward propagation with a period about 30 days appears.
When the cloud-radiation interaction was included ( Figure  3 ), the eastward propagation of wave-like pattern appearing in the fixed radiation case is inhibited significantly, and smallscale convective disturbances are more excited and move persistently westward (Figure 3a) . The upper level u wind pattern ( Figure 3b ) also shows smaller horizontal scale disturbances moving westward, which corresponds to the westward movement of precipitating region. Although a weak sign of largescale wave propagations appears in the velocity potential after 120 days (Figure 3c ), the continuous eastward propagation seems to be disturbed because of the movement of small-scale disturbances. This indicates that the cloud-radiation interaction simulated in the model prevents the eastward propagation of large-scale waves and makes westward moving transients more prominent.
Applying the space-time power spectrum analysis [Hayashi, 1982] to the precipitation field, the dominant temporal and horizontal scales of transients in each case were examined. Figures 4a and 4b are power spectra of precipitation in 10ЊS-10ЊN latitude belts. To enhance the Kelvin wave structure, the symmetric component about the equator was analyzed for the latest 180 days with twice-daily precipitation. For the cloudradiation fixed case ( Figure 4a ) the eastward moving transients are more prevalent than the westward moving transients. The eastward propagating wave corresponds to the moist Kelvin wave whose equivalent depth is about 24 m and whose phase speed is about 15 m s Ϫ1 . The power spectrum for the fixed case matches well with the dispersion line of the equatorially trapped Kelvin wave in the wavenumber frequency domain shown by Matsuno [1966] . It resembles the observed moist Kelvin wave recently identified by Wheeler and Kiladis [1999] . Using observed outgoing longwave radiation (OLR) data, they showed the existence of significant power at this phase speed in the tropical region. Actually, they distinguished ISO signals from those of the moist Kelvin wave. In Figure 4a we could have resolved longer periods of about 40 -50 days corresponding to their ISO signals. Instead, waves with shorter than 30 days are dominant in our simulation. The shorter than observed period is a common problem in AGCMs [Slingo et al., 1996] , though it should be carefully considered because there is no zonal gradient of SST, seasonal cycle, and interannual SST variation in our aqua planet simulation.
In the cloud-radiation interactive case ( Figure 4b ) the power of the moist Kelvin wave is significantly reduced, and the westward transients are more prevalent. In the westward variance To investigate the nature of westward moving small-scale transients in the radiation interactive case, we examined whether the westward movement of transients is influenced by the background zonal mean wind structure. For examining this two additional experiments were conducted. In the one experiment the zonal mean u wind below 600 hPa was prescribed to zero in 30ЊS-30ЊN latitude belts where the easterly wind was originally simulated in the radiation interactive case. In the other it was prescribed to westerly at 5 m s Ϫ1 . Figure 5 shows the vertical profiles of zonal mean u wind obtained from three experiments. Here, EXP0 refers to the control run in which zonal mean u wind is not fixed. EXP1 and EXP2 refer to the simulations prescribing zonal mean u wind to zero and 5 m s Ϫ1 , respectively. It is noted that the zonal mean u wind below 600 hPa in EXP0 reaches to 5 m s Ϫ1 easterly, which matches well with the phase speed of westward moving transients presented in the space-time power spectrum (Figure 4b ). Figure 6 is the longitude-time diagrams of 2ЊS-2ЊN averaged precipitations obtained from three simulations, in which Figure 6a is just the reproduction of Figure 3a . When the zonal mean u wind in the lower troposphere is prescribed to zero (Figure 6b ), smallscale disturbances are likely to stay at given longitudes. However, they move eastward when the zonal mean u wind is prescribed to westerly (Figure 6c ). On the basis of these results the moving direction of convective disturbances depends largely on the zonal mean u wind direction in lower troposphere. This suggests that the westward moving disturbances appearing in the interactive case are advective, not the Rossby wave propagation.
Why these small-scale disturbances are persistently excited and advected by the zonal mean wind in the cloud-radiation interactive case is examined. For the purpose of investigating internal structures of convective disturbances the vertical distributions of diabatic heating rates were compared in the convective region. Figures 7a and 7b are the vertical diabatic heating distributions composited in the rainy area (more than 2 mm d Ϫ1 precipitation) for the fixed radiation and interactive cases, respectively, shown by individual components. In Figures 7a and 7b, diabatic heating terms of large-scale condensation, cumulus convection, and longwave and shortwave radiations are presented. Other heating rates by the shallow convection and vertical diffusion were relatively small and are not presented.
In both the fixed and interactive radiation cases the large- scale condensational heating shows a large magnitude in the upper troposphere between 200 and 500 hPa. This increased heating owes its existence to the detrainment of cloud particles by cumulus updrafts parameterized in the Arakawa-Schubert convection scheme. Near the cumulus top the detrained air containing liquid water and/or ice as well as water vapor moistens the environment, and by the large-scale condensation process, upper level layer cloudiness increases because of the relative humidity increase. The region of this upper level enhanced heating is strongly coupled with the cumulus heating region and can be regarded as a cumulus anvil-type high cloud generation. Compared with the fixed case, there is larger condensational heating more than 1 K d Ϫ1 between 200 and 500 hPa in the interactive case, indicating a larger production of cumulus anvil cloud in the convective region.
In the interactive radiation case (Figure 7b ), upper level high cloud modifies shortwave and longwave heating rates significantly. Shortwave heating increased at the high cloud level and slightly decreased below it. There is high cloud-induced cooling near the 200 hPa level and warming between 850 and 500 hPa in the lower troposphere level in the longwave heating profile. Many previous modeling studies investigated the radiative impacts of high cloud [Slingo and Slingo, 1988; Randall et al., 1989] . The shortwave atmospheric cloud radiative forcing (ACRF) is slightly positive in the upper tropical troposphere cloud level because of the absorption of incoming shortwave radiation and is negative below the cloud level because of the decreased absorption in the shadows of upper level cloud. On the other hand, the longwave ACRF has a negative sign above the cloudy level because of the emission of longwave radiation at the cloud top, while it is positive below the cloud level.
In the interactive case, total diabatic heating has increased all over the convective column because of the contributions of cloud-induced longwave heating and convection in the lower troposphere and large-scale condensation and shortwave heating in the upper troposphere (Figure 7d) . The large amplitude of the total diabatic heating implies that strong vertical upward motion and large-scale diabatic circulation are maintained in the convective region. Enhanced diabatic circulation can destabilize further the convective column through the increased low-level moisture convergence, and this feeds back strong cumulus convection and upper level high cloud generation. More amplified cumulus heating suggests this high cloudinduced feedback process. Sherwood et al. [1994] pointed out that a seemingly moderate heat source such as ACRF is nonetheless capable of widespread influence over global circulation and precipitation. Using a simple model including cloud microphysics, Sherwood [1999] also suggested that the local radiative forcing of high clouds enhances the diabatic transports of moisture into the cloudy atmospheric column from surrounding regions, and this can be an effective mechanism for the tropical upper troposphere moistening. Randall et al. [1989] pointed out that the longwave cloud forcing is more dominant in the destabilization of the convective region than is the shortwave forcing. We further investigated which feedback process affects the excitations of smallscale disturbances more dominantly between longwave and shortwave ACRF. Figure 8 shows the longitude-time diagrams of precipitation averaged between 2ЊS and 2ЊN. Other conditions are the same as in the fully interactive run except for removing shortwave cloud radiative forcing in Figure 8a and longwave forcing in Figure 8b . In these experiments we have substituted the radiative fluxes for the clear-sky values in every time step to remove the cloud radiative forcing as was done by Slingo and Madden [1991] . Without shortwave ACRF the westward moving small-scale disturbances are still excited persistently. In the case where longwave ACRF is removed, on the contrary, the propagation of the precipitating region is drastically changed, and there is no more excitation of westward moving disturbances. It is noted that the precipitation intensity is significantly reduced when longwave ACRF is removed. This reveals that longwave ACRF is responsible for the amplifica- tion of small-scale westward moving disturbances and induces more intense diabatic circulation. On the basis of the results discussed above the excitation of small-scale disturbances in the cloud-radiation interactive case is explained by the high cloud-induced positive feedback through the interaction between cloud, radiation and largescale circulation, and convection; convective motion detrained in the upper troposphere makes optically thick anvil clouds. These anvil clouds interact especially with longwave radiation and induce stronger large-scale diabatic circulation and lowlevel moisture convergence, balancing the increased diabatic heating. Generating and decaying repeatedly, these small-scale disturbances are advected following the basic zonal mean wind. Moving westward, the persistent cumulus anvil cloud appears to suppress the large-scale moist Kelvin wave propagating eastward.
It is noted that the above mentioned cloud-radiation feedback mechanism is largely subjected to the cumulus parameterization scheme. Figure 9 shows the time evolutions of precipitation when the Kuo scheme [Kuo, 1974;  Figure 9a ] and moist convective adjustment scheme [Manabe et al., 1965; Figure 9b] are used. In both cases the westward moving smallscale disturbances are not excited persistently as in the Relaxed Arakawa-Schubert scheme (Figure 3 ). This reveals that the cumulus anvil cloud detrained in upper levels, and its interaction with radiation is responsible for the excitation of smallscale disturbances moving westward. In cases where other parameterizations are used, not explicitly including the entrainment-detrainment structure of cumulus cloud, westward moving small-scale disturbances are not simulated.
Although the movement direction of the convective disturbances is largely sensitive to the basic zonal mean wind structure, the mechanism responsible for the westward movement has not been totally understood. However, we are convinced that the low-level moisture field is advected by the low-level easterly wind, and this may be related to the westward movement of the disturbances. These features are not consistent with Nakazawa [1988] , who showed westward movement of short-lived cloud clusters whose lifetime is Ͻ 2-3 days in OLR satellite observation. This is thought to be problematic for the simulation of ISO in this model.
Modifications of Cloud-Radiation Interaction Process
The persistent nature of the small-scale disturbances seems to be caused by the strong positive feedback due to the overestimation of longwave ACRF simulated in the model. Among many possibilities of modification to moderate the longwave ACRF, we particularly consider the parameterized precipitation timescale [Sundqvist, 1978] that affects the cloud amount and lifetime, noting that the cloud radiative forcing is sensitive to the model cloudiness itself. A reduction of the precipitation timescale decreases the cloud amount and lifetime and hence makes the longwave ACRF heating decrease as the clear-sky portion of the grid box increases and more longwave cooling can be induced. Using a simple model including cloud microphysics, Sherwood [1999] also suggested that the diabatic circulation induced by high clouds could be weakened by the reduction of cloud lifetime.
In the model the precipitation rate is parameterized using the amount of cloud liquid water condensates l and precipitation timescale p , as shown in (A3) in Appendix A. In (A4) the precipitation timescale is determined with the characteristic autoconversion rate [Sundqvist, 1978] 0 that specifies the characteristic timescale for cloud droplets to grow up to rain drops; as it is smaller, the precipitating process is faster. The parameter 0 was modified in order to decrease the precipitation timescale.
In addition to this, the specification of the ice and water cloud fraction was modified. As pointed out by Ho et al. [1998] , the single-scattering co-albedo of ice clouds is parameterized much larger than that of water clouds in GCMs. Therefore reducing the ice cloud fraction gives a net shortwave cooling and reduced total diabatic heating. By changing T 0 and T c to 263.15 and 248.15 K in (A5) the ice cloud fraction was reduced (actually replaced with water cloud fraction), maintaining the total fraction unchanged. This temperature range for the coexistence of water and ice clouds is same as in NCAR CCM3. It is noted that this modification actually increased the cloud albedo and reduced the shortwave absorption, especially in the upper level detraining cloud level. However, its impact was not critical to our ISO simulations with the slight decrease of total diabatic heating. This may be largely due to the fact that the shortwave ACRF is relatively small compared to the longwave ACRF in the model, which was already demonstrated in Figure  8 . Nevertheless, we retain this modification because it gave slight but somewhat clearer features of our results, particularly the eastward wave propagating characteristics.
We conducted a sensitivity test of the ISO simulation to the precipitation timescale. Several different values of 0 originally set to 9600 s were examined. Figure 10 are the longitude-time diagrams of precipitation and 200 hPa velocity potential when the precipitation timescale is reduced to 4800, 1800, and 900 s. In the evolution of precipitation the westward movements of small-scale disturbances are gradually reduced as the precipitation timescale decreases. Changed to 900 s, the precipitating region is horizontally organized in the zonal wavenumber 1 structure resembling the observed super cloud clusters [Nakazawa, 1988] and shows clear eastward movements. By reducing the precipitation timescale the persistently excited small-scale disturbances are no longer simulated. Also, the 200 hPa velocity potential pattern clearly shows large-scale wave propagation with a period about 30 days, and the propagations of upper level convergence and divergence regions are clearly separated.
The vertical profiles of diabatic heating rates are examined after modifications. Figure 7c shows the individual diabatic heating distribution in the rainy area after modifications. Here the characteristic precipitation timescale is set to 900 s. Diabatic heating by large-scale condensation is significantly reduced in the upper troposphere. Longwave cooling has increased while the shortwave heating has decreased, and this reflects that the cloud radiative forcing is reduced in the convective region because of the modifications. Net total diabatic heating (Figure 7d ) decreased significantly, implying that the positive feedback by cloud-radiation interaction is weakened. Figure 11 is the longitude-time diagrams when the autoconversion rate is set to 900 s and integrated to 210 days. With the modified processes it shows similar patterns to those observed in the fixed radiation case in Figure 2 , but the wavenumber 1 structure is more prominent. The propagation becomes somewhat slower than that of the fixed case after 120 days. Mehta and Smith [1997] suggested that the slower propagation of ISO should be related to the cloud-induced longwave cooling by Figure 10 . Longitude-time diagrams of (top) precipitation rate and (bottom) 200 hPa velocity potential when the autoconversion rate are reduced from 9600 s to (a) 4800, (b) 1800, and (c) 900 s in the fully interactive case. Shading indicates Ͼ10 mm d Ϫ1 in Figure 6a and negative values in Figures 6b and 6c . The contour interval is 10 mm d Ϫ1 in precipitation and 10 7 m 2 s Ϫ1 in velocity potential.
modifying vertical diabatic heating distribution. In our simulation the difference of the vertical distribution of net total diabatic heating between the two cases was ignorable. However, the retarding mechanism of the cloud-radiation interaction should be investigated further. The modified process was examined under the realistic landocean distribution and the SST condition containing seasonal cycle. The SST is prescribed by the weekly data obtained from the National Centers for Environmental Prediction (NCEP). Two simulations were conducted for 2 years (September 1996 to August 1998), one without modifications and the other with modifications. Global Precipitation Climatology Project (GPCP) 1Њ daily (1DD) precipitation data (G. J. Huffman et al., Global precipitation at one-degree daily, resolution from multi-satellite observations, submitted to Journal of Hydrometeorology, 2000) and NCEP/NCAR Reanalysis 200 hPa wind data for obtaining velocity potential field are used to validate the model simulation. In case of the modified simulation we chose 1800 s for the optimized characteristic precipitation timescale after examining several simulations with different values. With this value the simulated ISO could be represented best in terms of the intensity and eastward propagation characteristics appearing in the precipitation and 200 hPa velocity potential variabilities. Figure 12 is the horizontal distributions and their zonal means of precipitation in June-July-August 1997 simulated without modifications ( Figure 12b ) and with modifications ( Figure 12c ) compared to the GPCP reanalysis (Figure 12a) . Regardless of the modifications, the model can simulate the basic summer precipitation patterns pretty well such as the Intertropical Convergence Zone (ITCZ) and Indian and East Asian monsoon rainfall regions, though it has some positive bias in precipitation amounts compared to the observation. However, the model simulates the intensification of the dry region in the maritime continent near 120ЊE, and this may be partly due to the exaggeration of SST impact by the model in the 1997-1998 El Niño event. After modifications the rainfall slightly increases in the tropical convection region and winter hemisphere storm track. However, the basic precipitation pattern is not changed much after the modifications.
Time evolution of the precipitation is examined in the equatorial region (10ЊS-10ЊN) during March-April-May 1997 (Figure 13 ). In the GPCP reanalysis (Figure 13a ), rainfalls are sporadically intensified, especially in the Indian Ocean and western Pacific regions extended to the dateline. Also, the eastward propagations of precipitating regions from the Indian Ocean to the western Pacific are clearly shown, which are well-known features of the observed ISO. Modifications increase overall variability in intraseasonal timescale, and the eastward movements of small-scale convective clusters are simulated pretty well (Figure 13c ). After the modifications the precipitation patterns are more organized, and the propagations of precipitating and dry regions are clearly separated. However, the eastward propagations of the rainfall region from the Indian Ocean to the western Pacific are not simulated clearly. This may be largely due to the underestimation of rainfalls in the maritime continent region where the model simulates too dry. Also, eastward propagation with a too amplified magnitude in the eastern Pacific is not desirable. Figure 14 shows the time evolution of filtered 200 hPa velocity potential field for the same period, which is obtained by removing the seasonal cycle and using the 15-70 day band-pass filter. In the NCEP/NCAR reanalysis data ( Figure 14a ) the eastward propagations of large-scale wave in the zonal wavenumber 1 structure are clearly shown, in which the waves tend to be more amplified in the eastern hemisphere than the western hemisphere. Without modifications (Figure 14b) , there are intermittences of eastward propagation of large-scale waves that should be caused by the cloud-radiation feedback problem in the model. In the modified simulation ( Figure 14c ) the eastward propagation is simulated well as in the observations. However, the simulated propagation is somewhat faster than that of the observations and the strong amplification in the eastern hemisphere seems unrealistic. The basic field simulation of the model is also considered to be important for the reasonable ISO simulation.
The modifications of the precipitation timescale and ice cloud fraction can improve the ISO simulation under realistic boundary conditions as well as under the idealized aqua planet condition. However, the modified process has many uncertainties that need to be examined. There still exist many unresolved features including the faster propagation and the weak amplification in the eastern hemisphere. In particular, the radiation budget at TOA simulated in the modified experiment shows a considerable discrepancy. Comparing the zonal mean radiative fluxes at TOA with those from the standard simulation, which agrees well with the ERBE data, the outgoing longwave radiation increases about 10 -20 W m Ϫ2 , while the net incoming shortwave radiation increases about 20 -30 W m Ϫ2 in the annual mean sense. These increases mainly due to the overall reduction of cloudiness by decreasing precipitation timescale. Therefore the modifications resulted in the negative impact on the model climate simulation, though they exhibit some improvements in the intraseasonal variability sense.
Summary and Concluding Remarks
In this work the influence of cloud-radiation interaction on the tropical ISO simulation in the AGCM was examined using two simplified aqua planet experiments in which one simulation is with fully interactive clouds and radiation and the other is with fixed radiation by prescribing a zonal mean radiative cooling rate. Eastward wave propagation with the zonal wavenumbers 1-2 structure is simulated under the fixed radiation condition that resembles the excitation of equatorial moist Kelvin waves. When the cloud-radiation interaction is included, however, the eastward propagation is inhibited significantly by the excitations of small-scale disturbances.
The excitations and westward movement of small-scale disturbances in the cloud-radiation interactive case was explained by a strong positive feedback induced by the cumulusgenerated anvil clouds through the interaction with radiation and large-scale circulation. Convective detrainment in the upper troposphere makes optically thick anvil clouds that signif- icantly reduce the longwave cooling in the lower troposphere. Together with the large latent heating in the upper troposphere, it makes a considerably strong diabatic heating over the troposphere to imply the maintenance of strong diabatic circulation with rising motion in the convective region. As it moves westward, this persistent cumulus-anvil cloud system appears to suppress the large-scale wave associated with the moist Kelvin wave propagating eastward.
To explore a possibility to improve the ISO simulation in AGCMs, we tested sensitivity to the precipitation timescale and cloud albedo modifications. The westward movements of small-scale disturbances are gradually reduced as the precipitation timescale decreases and large-scale waves propagate eastward in wavenumber 1 structures to make global circuits with about 30 day periods. By reducing the precipitation timescale the positive feedback by the anvil cloud-longwave radiation interaction weakens and Kelvin wave conditional instability of the second kind operates to show planetary-scale wave propagation.
In a realistic simulation with modifications, time evolution of precipitation and the upper level velocity potential in the equatorial regions resemble the eastward propagating characteristics obtained from observations, and this is considered to be an improvement in some sense. However, the radiation budget simulated at the TOA shows considerable discrepancy from the standard simulation as well as the observation with these modifications.
This study suggests the continuing need for the improvement of cloud-radiation interaction parameterization in AGCMs. According to our results, cloud has a large influence on the radiation field, and cloud-radiation interaction affects the ISO simulation significantly. In this work, we modified the cloud by changing the characteristic precipitation timescale and the phase of the cloud water, which affects cloud albedo. However, more comprehensive and reasonable treatment of clouds is needed, and studying dynamic variability is regarded as one of the appropriate ways toward improvement. Of course, the cloudiness, its distribution, and the radiative forcings simulated in the model should ultimately be validated by observations.
In the present study, the excitations of westward moving, small-scale disturbances appearing in the interactive radiation case were explained by the positive feedback mechanism involving clouds, radiation, dynamics, and convection, but the destabilization mechanism by high cloud should be examined further. The destabilization of the convective column in the interactive radiation case does not seem to hinge on the vertical profile of diabatic heating rate as it is not much different from the radiation fixed case in shape; it just has a larger magnitude. We hypothesize that the gross moist stability [Neelin and Held, 1987] that measures vertically integrated moist static stability may help explain the excitations of small-scale disturbances in the interactive case. Using observational data, Yu et al. [1998] found that the gross moist stability M in the tropical convective region is positive but much smaller than the typical dry static stability values M s , largely cancelled by the instability driven by lower-level moisture termed the gross moisture stratification M q . They estimated that the typical values of M and M q in the tropics are roughly 500 and 2500 J kg Ϫ1 , respectively. In their estimation of M q they used the value of latent heat of condensation as L ϭ 2.5 ϫ 10 6 J kg
Ϫ1
. If the latent heat of condensation is effectively enhanced larger than 20% by the high cloud-induced radiational heating, M q increases and the gross moist stability (M ϭ M s Ϫ M q ) goes to zero. On the basis of further analysis we defined effective latent heat L eff as the sum of vertically integrated cumulus heating, large-scale condensation, and radiative heating by cloud (ACRF) divided by precipitation amount in the convective column and found that L eff is roughly 20% larger than L. This suggests that the transition to gross moist instability can occur through the cloud-radiation feedback process in the interactive radiation case. However, the detailed study on the moist static energy budgets is beyond the scope of this paper and will be addressed in a future paper.
In this study, we have fixed the surface temperature, and this should be considered with caution. With fixed SST the surface radiative forcing by cloud was not included. Only the atmospheric cloud radiative forcing and its impact on the ISO simulation were active. Lau and Sui [1997] and Flatau et al. [1997] suggested that changes in sea surface heating due to the shortwave reflection by cloud might be important in maintaining the ISO. Optically thick clouds tend to cool the tropical surface and warm the tropical atmosphere. This indicates that when the effects of clouds on the land surface or sea surface radiation budgets are taken into account, the cloud radiative forcing may feed back negatively to suppress moist convection and cloudiness. Thus coupled ocean-atmosphere model experiments are needed [e.g., Waliser et al., 1999] . These are left for future studies.
(here 300 m), and is the asymptotic value of b for large z (here 0.3). Then the layer cloud fraction in each grid box is determined as the supersaturated fraction (q t Ͼ q *) of the total area. The cloud water content l is obtained by integrating the supersaturated part of the water.
The conversion of cloud liquid water into precipitation P is defined using the precipitation timescale [Sundqvist, 1978] as
where p is the timescale, which is parameterized in an exponential form as
In (A4) the parameter 0 gives a characteristic time for autoconversion of cloud droplets into precipitating drops, and l 0 gives a typical cloud water content at which the release of precipitation begins to be efficient. In this formulation the precipitation rate increases exponentially with the linear increase of the condensate. For small l an increase of condensate is mainly used to increase cloud content. The total cloud fraction is separated into water fraction and ice fraction, and the fraction of ice cloud, f i , is diagnosed as a function of temperature as
where T is grid mean temperature and T 0 and T c are constants as 273.15 and 258.15 K, respectively. Other cloud microphysical processes, such as the ice cloud sedimentation, the evaporation of cloud and rain drops, and the melting or freezing of precipitation are parameterized under the total water mixing ratio conserved.
